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MANAGEMENT OF WASTE CLADDING HULLS
PART II. AN ASSESSMENT OF ZIRCONIUM
PYROPHORICITY AND RECOMMENDATIONS
FOR HANDLING WASTE HULLS

by

B. J. Kullen, N. M. Levitz,
and M. J. Steindler

ABSTRACT

This report reviews experience and research related to
the pyrophoricity of zirconium and zirconium alloys. The
results of recent investigations of the behavior of Zircaloy
and some observations of industrial handling and treatment of
Zircaloy tubing and scrap are also discussed. A model for
the management of waste Zircaloy cladding hulls from light
water reactor fuel reprocessing is offered, based on an
evaluation of the reviewed information. It is concluded that
waste Zircaloy cladding hulls do not constitute a pyrophoric
hazard if, following the model flow sheet, finely divided
metal is oxidized during the management procedure. Steps
alternative to the model are described which yield zirconium
in deactivated form and also accomplish varying degrees of
transuranic decontamination. Information collected into
appendixes is (1) a collation of zirconium pyrophoricity data
from the literature, (2) calculated radioactivity contents in
Zircaloy cladding hulls from spent LWR fuels, and (3) results
of a laboratory study on volatilization of zirconium from
Zircaloy using HCl1l or Cl,.

I. INTRODUCTION

Management of radioactive waste must ensure protection of the public
by (1) providing adequate barriers between the radiocactive material and
the biosphere and (2) developing waste forms that are compatible with the
barriers and that will pose no immediate hazard to the biosphere in the
event that barriers are breached. An identification of effective management
procedures 1is possible only when the forms and chemical properties of a
given waste material are well characterized. The present study concerns
an analysis of the behavior of the zirconium-based metal waste produced in
the chop-leach* head-end step during the reprocessing of commercial light-
water-cooled power reactor (LWR) fuel.

*Chop—leach is the commonly applied head-end process step in which LWR
fuel elements are sheared into short segments that have oxidic fuel
exposed at the ends. When treated with nitric acid, the oxidic fuel is
dissolved, leaving the Zircaloy hulls substantially unreacted.



This waste stream consists of short (2 to 8 cm) sections of Zircaloy*
tubing and, depending on reprocessing plant practice, may also contain
Inconel spacer grids, stainless steel fuel-assembly end fittings, and
small amounts of Zircaloy finest material. The steel and Inconel represent
~v107% of the metallic components, are not contaminated by undissolved fuel,
and generally do not pose a pyrophoric or chemical hazard. ‘hese alloys
do contain significant amounts of neutron activation products and thereby
contribute to the radiation hazard from metallic fuel-assembly residues.
Henceforth, the term Aulls is used to describe this waste stream, whether
it consists of only the cladding sections or the entire mix of metallic fuel
assembly hardware. This metallic waste stream may be difficult to manage
because (1) the hulls are contaminated with beta-gamma emitting fission
products and neutron activation products as well as long-lived alpha-emitting
transuranic nuclides, (2) zirconium has exhibited pyrophoric tendencies in
the past, and (3) the stream is a heterogeneous mixture of materials that
differ in form and in chemical properties. Because of these factors, special
handling and storage techniques will have to be considered. To aid in the
development of these techniques, an assessment and evaluation had to be made
of available information on the character and properties of hulls and, most
importantly, on the mechanisms and implications of zirconium pyrophoricity.

The objective of presenting information on the pyrophoricity of
zirconium and Zircaloys is to contribute to the resolution of questions
regarding the possible hazards, from pyrophoricity, of handling the hull
waste. Unless the metallic form of the material is changed to one of
lesser potential energy such as oxide, it is not feasible to provide absolute
assurance that reactions will not take place with Zircaloy hulls or fines.
Nevertheless, recommendations are provided that will, based on the information
assembled herein, reduce the risk of undesired reactions to reasonable
proportions without requiring large-scale or complicated chemical conversions.

For the purposes of this analysis, a distinction is made between the
Zircaloy cladding from LWR fuel containing ceramic UO, and other forms of
zirconium such as the U-Zr alloy fuels and special zirconium claddings which
have a history of ignition and explosion. The technologies of zirconium
and Zircaloys were reviewed--particularly citations on and experience with
reactions occurring during manufacture and routine handling. Much of this
information has been presented in a previous report [Levitz] that also
includes information on the expected composition of hulls waste and on
methods proposed for its handling at reprocessing sites. The present report
is complementary and is largely confined to the question of safety, from

the standpoint of zirconium pyrophoricity, in the long-term management of
waste hulls.

Sources of information included (a) literature published since the
mid-1940's, (b) discussions with persons having experience in metal
manufacture, scrap handling, fuel fabrication, fuel reprocessing, and safety,
(c) plant visits and process observation, and (d) results from a variety of

*
Zircaloys are zirconium alloys with small amounts of tin, iron, chromium,
and, in some cases, nickel [ASTM].

T .
In this report, "fines" refer to metal particles physically removed frop and
of lesser size than the Zircaloy cladding tube segments.



scouting experiments and tests. It will be shown, on the basis of the above
information, that hulls and hardware are safe to handle, while zirconium
fines, per se¢, remain a potential hazard. Management techniques are cited,
however, that mitigate even the fines hazard and illustrate that the possible
risk, in terms of pyrophoric behavior, in handling hulls waste can be

reduced to an acceptable level.

IT. HISTORICAL BACKGROUND OF THE BASIS FOR CONCERN
OVER THE PYROPHORICITY HAZARD

The term pyrophoricity refers to the capability of materials to
spontaneously ignite in air or other (usually gaseous) environs. Ignition
occurs when the heating rate produced by an exothermic reaction exceeds
the combined rates of conductive, convective, and radiative cooling.
Concern over the possible pyrophoric behavior of Zircaloy hulls stems
specifically from extrapolation of past experience with other forms of
zirconium, since no incident has been reported involving pyrophoricity of
Zircaloy tubing, rer se, in the manufacture of tubing or fuel elements,
in the reprocessing of LWR oxide fuel, or in the storage of hull waste.

Some of the experience with the pyrophoricity of zirconium is summed
up in selected issues of two series of bulletins issued by the Atomic
Energy Commission (AEC),* namely, "Accident and Fire Prevention Information"
[AFP-2, -44, -45, -69, -A, -B] and "Serious Accidents' [SA-44, -44A, -50,
-84, -274, -298]). The information regarding these incidents is incomplete,
particularly with respect to identifying causes and mechanisms and providing
accurate information on the nature of the material involved. The events are
included in a summary of zirconium pyrophoricity incidents listed in
Table 1.

Most frequently, spontaneous ignition and explosions were associated
with materials having high specific areas or high surface-to-volume ratios,
such as powders, machining turnings, grinding residues, or sponge.* Other
incidents involved alloys, with zirconium being either a minor or a major
constituent [Schultz, Larsen]. In general, the behavior of zirconium and
Zircaloys has been similar.

Pyrophoricity hazards for several forms of zirconium metal are shown
in Table 2. Although there is considerable scatter in the quoted data,
it can be stated conservatively that zirconium particles under ~60 um in
diameter can be considered explosive, and particles under ~1 mm in diameter
can be categorized as a fire hazard. For comparison, crude data on the
chopping of unirradiated Zircaloy tubing (Table 3) indicate that ~3 wt Z of
the resulting fines might be less than 350 um in diameter and V24 wt 2 less
than ~1.5 mm in diameter; >75 wt % of the fines may be considered normally
safe materials.

%
Reorganized, in part, as the U. S. Energy Research and Development
Administration (ERDA).

+Sponge is a form of zirconium produced during manufacture by reduction of
the tetrachloride to the metal. Zirconium sponge has a high surface area,
may contain impurities, and is consolidated to bulk metal by melting.



Forms of Zirconium Involved in Pyrophoricity Incidents

Table 1.
Chemical System or Hazardous
Form Environment Phenomenon References
e U -1 to 20% Zr (alloy) Aqueous HNO3 (pickling) Explosion [Larsen]
® 7Zr alloyed with other Not Defined Explosion [Andersen, AFP-45]

metals, including lead,
copper, misch metal?

e 7r - 2.57% Nb - steel

e Zr-Mg-MgCl,
solid mixture

e Zr impellor (welded
plates and shafting)

® Scrap, miscellaneous
(chips, turnings)

e Zr chips, scrap

e Zr chips

® Zr sponge

® Scrap powder

® Zr powder

e Zr powder

® Zr "dust"

Rolling mill, Zr alloy
in steel "picture frame,"
~1000°C

Water

Aqueous HC1

Ambient air, stored in
open bins

Machining turnings during
chopping involving water
sprays

Milling of massive metal
w/water coolant

Ambient air

Stored in drums for 3-5
years in scrap yard

Aqueous HyS0,-KHSOy

Ambient air, 3.8-liter
can, Zr-16 wt % water

Ambient air

Formation of Zr-Fe
eutectic; liquid metal
ignited and burned

Explosion (under water)

Abnormally high surface
activity (sparking,
burning)

Ignition

Ignition

Tlash fire over entire
surface of chips

Ignition

Explosion

Explosion

Explosion (upon
opening can)

Explosion

[sA-298]

[AFP-45]

[AFP-45]

[SA-84]

[Tetz]

[AFP-45]

[Tetz]
[AFP-44]

[AFP-69]
[AFP-44]

[AFP-44])

a
A mixture of the rare earth metals.



Table 2.

Zirconium Pyrophoricity Hazard Derived from Industrial Experience

Specific Surface
Surface Area, Area/Volume,
Form Dimenstion cm?/g cm”! Remarks Ref.
POWDER
a. Experience 1-um dia 9200 60,000 Pyrophoric under (Littman)
ambient conditions
<10~um dia >920 >6,000 Exploaive (Bulmer)
10-um dia 920 6,000 Considered border- (Littman])
line between safe
and hazardous
powder
$2-ym dia ~150 ~970 Explosive [Allison]
<850-um dia ~10 70 Hazardous fire (Allison,
and explosion Bulmer)
risk
powder with - - Spontaneous {Holt])
3 to 162 combustion and
moisture explosion
b. Derived <60-um dia Explosive hazard
conservative 60-850-um dia Fire hazard
guides
>850-um dia Normally safe
3 to 252 Explosive hazard
moisture
content
SHEET
a. Experience 0.13-om thick ~30 190 Easily ignitable [Allison])
0.3-mm thick 12,7 82.7 Borderline between [Littman]
sufe and hazardous
thickness
0.3—mm thick 12,7 82.7 Combustion self- [TID-5365)
sustaining
0.8-mm thick?® 4,17 30.3 No evidence of [Liceman)
pyrophoric
behavior
b. Derived <0.3-mm thick Ignitable with
conservative flame
guldes >0.3-mm thick Normally safe
SPONGE
Experience - 100 2520 Shows high [Tetz)
and guide incidence of
pyrophoricity

fEquivalent to LWR cladding wall thickness.



Table 3. Analysis of Zircaloy Fines Produced by
Chopping Unirradiated Tubing [Tetz]

Size Oxygen
U.S. Sieve Particle Fraction, Content,
No. Size, um wt %2 wt %
+8 +2380 66.3 0.108
+10 +2000 5.8 0.137
+12 +1680 1.5 NAb
+14 +1410 2.9 NA
+25 +710 13.5 0.456
+45 +350 7.3 NA
<45 <350 2.7 3.32

aDetermined from amount retained on each sieve.

bNA = not analyzed

For zirconium in sheet form, Table 2 indicated that metal less than
0.3 mm thick is ignitable while metal with greater thickness is normally
safe. LWR Zircaloy fuel-cladding thicknesses may range between 0.6 and
0.9 mm. It should be noted that though there has been a comparison of
oxidation rates of various binary alloys of zirconium (presented in a later
section), no comparison could be found of the pyrophoric characteristics
of zirconium and the Zircaloys. It is assumed, for the purposes of this
study, that the differences are trivial.

Some of the information shown in Table 2 on the effects of form and
size on ignition is in contradiction with the above guidelines for safe
particle size and thickness, e¢.g., ''coarse' powders have been reported as
being hazardous. Other values, relating zirconium physical form to pyrophoric
response, were found to vary in magnitude from one reference to another.
This inconsistency of results is not unexpected since different procedures,
differing grades and forms of zirconium, and dissimilar conditions were
reported as being used in the various tests. As a result, Table 2,
quoting the relationships of zirconium form to safety classifications and
comparing zirconium dimensions to pyrophoric hazard, contains conflicting
data. Hence, the results are treated as a whole and stability conditions
are expressed in terms of the most conservative data found in the literature.

Material identified as '"massive'" by Bulmer is particles retained on a
12-mesh screen (v1.7-mm openings), or sheet, strip, or wire with a
minimum thickness/diameter of 0.13-mm or with a minimum cross-sectional
area* of 1.9 mm? [Bulmer]. Since the designation "massive" normally
applies to nonpyrophoric material, this implies that Zircaloy fines need
some special consideration, but the hulls are a massive form and should
be safe from ignition hazard. The impact of a fines fire on a mixture of
fines and hulls needs separate consideration (see Section IV).

Assumed to be across the longitudinal axis of the form.



Factors that appear to contribute to the pyrophoricity of zirconium
are listed in Table 4. Relationships between some of these factors have
been established, and examples of correlations or relationships reported in
the literature include:

a. ignition temperature as a function of particle diameter and
mass of material, assuming spherical particles, as shown in Fig. 1;

b. ignition temperature of zirconium folls as a linear function of the
logarithm of the specific area, as shown in Fig. 2;

c. ignition at room temperature as a function of foil thickness and high
(20 to 50 atm) oxygen pressure, as shown in Table 5 and Fig. 3.
Of interest, extrapolation of the curve to 0.2 atm (in ordinary air)
gives a value of ~0.0254 mm for foil thickness.

Table 4. Apparent Effect of Selected Factors
on the Pyrophoricity of Zirconium

Trend of Factor Tending to

Factor Increase Pyrophoricity
Particle Size Decrease
Surface-to-Volume Ratio® Increase
Specific Surface (area/mass) Increase
Moisture Content of 3-252 maximizes pyrophoricity as does
Environment alternating wet/dry conditions
Temperature Increase
Total Mass of Zirconium Increase
Gaseous Environment Increasing oxidizing power
Impurities, alloying agents Complex relationship
Energy of Ignition Source Minimum required for ignition; not

directly related to pyrophoricity

8Geometry of mass relates to dissipation of heat once reaction has
been initiated. The surface-to-volume ratio refers to the
individual particles or pieces of the zirconium mass.

The correlation from Fig. 1 indicates that sheet zirconium equivalent to
hulls (see Table 2) would have a calculated ignition temperature of about
930°C. Recent tests [Steindler), however, indicate no ignition at
temperatures up to 1600°C in air.

Historically, the frequency of ignition/explosion incidents involving
zirconium declined with increased experience. Improvements in the
manufacturing process, giving a higher purity product, contributed to this
decline. Safe procedures in the handling of even micron-size powder
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Table 5. Relationship Between Thickness of Zirconium
Foil and Minimum Oxygen Pressure for
Ignition at 25°C [Littman].

Foil Surface to Specific Oxygen Pressure
Thickness Volume Ratio Area, for Ignition,
mm in. cm™! in.-! cm?/g atm
0.3 0.01 80 200 12.5 20
0.9 0.035 24 60 4.0 30
9.0 0.350 4.1 15 1.7 50

gradually evolved [Allison, Bulmer]. Recommendations for handling zirconium
and 1ts alloys, not aimed specifically at hulls or the accompanying fines,
are summarized in Table 6. These data are to be related to the management
of hulls by use of a reference case discussed in Section V.

II1. RECAPITULATION OF RESEARCH RESULTS

An orderly analysis of the available information was obtained by
categorizing the large and diverse body of data according to topics found

to be important to zirconium pyrophoricity. The categories wherein the
literature yielded results are:

(1) Effects of water, moisture, and humidity,
(2) Effects of particle size,
(3) Effects of surface area,
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Table 6. Some Recommendations for Safe Handling of Zirconium
and Its Alloys [Allison, Bulmer].

e Fliminate other combustible materials (limit source or spread of fire).
e Maintain moisture content below 3% or completely submerge in water.

e Avoid use of water or COp extinguishers in the event of a fire. It is
preferable to let burning zirconium expire of its own accord. In some
cases, dry inert powder extinguishers may be used; descending orders of

effectiveness are shown by ternary chloride eutectic, sodium chloride base

powders (proprietary), zirconium silicate, sand, kieselguhr (hydrated
forms of silica, diatoms), graphite, dolomite (limestone).

e Use water-soluble oils in machining.

tions should be less than 20 g/m? (0.007 oz/ft2).

e Avoid sources of ignition.

Avoid above-ambient (or extreme) temperature.

e Use diluent, such as sand, at least 1:1 by volume.

e Metal considered a hazard from a particle size standpoint should be
oxidized (converted to a stable form).

e Consider use of inert gas such as argon in special situations.

Avoid mixing of zirconium with other metals (materials).

o Provide for venting of hydrogen.

Separate storage area from other work areas.

e Compact scrap to enhance safety.

Limit quantities to be disposed of by burning to <34 kg; use thin
(15-25 cm) layers instead of deep-bed configurations.

Avoid fuse conditions--whereby a small amount of fine material ignites
coarser material.

Exercise care in transferring scrap.

Avoid, in particular, accumulations of fine material, e.g., dust accumula-

(4) Effects due to the condition of the surface.
(5) Effects due to the composition,

(6) Effects of mechanical forces.

(7) Effects of electrostatic energy.

A detailed outline of the categories is presented in Appendix A.
summary of the results is given in the following section.

that almost all of the data obtained to date are based on the use of
unirradiated zirconium or Zircaloy.

A

Although there are adequate reasons to
assume no significant practical differences in the pyrophoric behavior of

irradiated (and leached) Zircaloy and unirradiated Zircaloy, the absence of
direct experimental verification of this similarity suggests that a

conservative approach to the pyrophoricity of cladding hulls is desirable.

It should be noted
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A. Research¥*

1. Water, Moisture, and Humidity Effects (I1.A.1l, 2, 1, and 4)

Data on the effcerts of water, moisture, and humidity on the
oxidation and combustion of zirconium and Zircaloy are quite cxtensive.
Many of the data are related to the use of Zircaloy in LWR environments.

In the temperature range 200-350°C, it was found that water vapor reacts
with zirconium at the same rate as elemental oxygen. Above 350°C, hydrogen
gas is liberated, suggesting a decomposition of the zirconfum hydride.

The burning of zirconium wirce immersed in water was reduced or
eliminated by increasing the water temperature. It was also found that the
larger the diameter of wire, the more difficult it was to extinguish burning
with water. With regard to water, recommendations for handling zirconium
powders warn that a dangerous condition could exist with a moisture content
between 3 and 25 wt Z. It is also suggested that powders completely submersed
in water are in a "safe" condition. There has been some experience, however,
of detonations of zirconium powders submerged in water. One source
investigated the ignition of zirconium in air and found that the humidity
of the air was not an important factor in zirconium ignition [I00-1956]}.

2. Particle-Size Effects (1.C.1)

Tests with particle size as a variant are also reported exhaustively.
It was shown that particles with average diameters of 3 ym or less ignited
spontaneously when released as a cloud, in air, at room temperature.
Particles with average diameters of about 18 um, on the other hand, had to
be heated to 350°C to ignite under otherwise identical conditions. A layer
of 3-um zirconium powder ignited at 190°C in air, at 620°C in carbon dioxide,
and at 790°C in nitrogen.

An attempt to categorize the particle-size effect on pyrophoricity
resulted in the following ranges: (1) material consisting of zirconium
particles of 60-um dia or less is likely to be explosive, and (2) zirconium
material of particle size 60- to 850-um dia is likely to be a hazardous
fire risk. Industrial experience (from Table 3) indicates that 90% of the
fines produced during chopping of unirradiated, nuclear-grade Zircaloy tubing
have diameters larger than 700 um.

3. Surface-Area Effects (1.C.2)

A correlation is available (see Fig. 2) that describes the relation
between surface area and the ignition temperature of zirconium. It is
expressed

° = -
Tign( C) 1070 - 208 log S

where S is the specific area in cm?/g. This expression was derived from
tests using zirconium foils of various thicknesses in oxygen or air at

. )
Omitted references can be found in Appendix A. The section numbers in
parentheses pertain to relevant categories in Appendix A.
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atmospheric pressure. The foils were heated by electrical resistance to
ignition temperatures. Other data were obtained relating zirconium foil
thickness to the minimum oxygen pressures required to cause ignition at room
temperature. The results were presented previously in Fig. 3 and Table 5
and are correlated by the expression,

P = 18.7 log T + 50
atm cm

Vhere Pat
in cm.

m 1S the oxygen pressure in atmospheres and T.p is sample thickness

Material with a specific area of about 9200 cm?/g (typified by
l1-uym-sized spherical powders) and a surface-to-volume (S/V) ratio of 60,000
is considered pyrophoric, while material one-tenth the specific area and
S/V ratio is deemed to be borderline between hazardous and safe. For
zirconium sheet, material with a specific area below 12.7 cm?/g and a S/V
ratio below 82.7 (corresponds to 0.025-cm-thick material) is considered
stable under normal handling conditions.

4. Surface-Condition Effects (I.C.3)

Roughening of the surface of any given form of zirconium has the
effect of lowering the temperature required for ignition, 7.e., increasing
the pvrophoricity. Other research, however, indicates that surface treatment
(mechanical or chemical polishing, abrasion, etc.) has little effect on
oxidation of zirconium specimens. Results of another program showed that a
wide extent of surface oxidation of zirconium resulted in little or no
difference in ignition potential. The same was true for surface-hydrided
material. Zirconium that was surface-carbided, however, was considerably
less susceptible to ignition than "clean," oxidized, or hydrided metal.

In other work in which the pressure of pure oxygen at room
temperature was investigated as a variable in the ignition of zirconium and
Zircaloy foils, it was found that metal with a mechanically cleaned surface
(oxide-free), metal that had been etched with a HNO3 - HF solution, and
metal that had been surface-hydrided (from 4 to 30% hydride) all ignited
at oxygen pressures of 300 psi and above. Zirconium foils with an oxide
film ignited at a minimum of 400-psi oxygen. Zircaloy-2 samples etched in
the same manner as the zirconium resisted ignition to an oxygen pressure of

450 psi. Zirconium foil samples, surface-carbided to 10% carbide, resisted
ignition up to oxygen pressures of 1500 psi.

5. Material-Composition Effects (I.C.4)

. In an investigation of oxidation rates of binary alloys of
zirconium, the following effects were observed. Alloys with copper, nickel,
beryllium, or hafnium reduced the oxidation rates as compared to pure
zi?conium. Metals whose binary al_oys w th zirconium showed an increased
oxidation rate were chromium, copalt, platinum, iron, tungsten, uranium,
molybdenum, lead, niobium, tantalum, vanadium, titanium, aluminum, silicon.
and tin. The stuay also showed that increasing the carbon content of
pure zirconium i:ls increased the oxidation rate.
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Results of another effort showed that an incrcase of hydrogen
in solid solution increased the pyrophoricity of crystal-bar zirconium wire.
As seen in Fig. 4, a hydrogen increase from | to ~150 ppm decreased the
required ignition energy by 40 cal/g (167 J/g); a further hydrogen increase
of two orders of magnitude (to 16,000 ppm H) decreased the required
ignition energy by only ~5 cal/g (21 J/g). Conversely, increasing the
oxygen content in zirconium wire to correspond to a +3% weight gain

(+~30,000 ppm oxygen) resulted in an increase of the required ignition energy
of ~50 cal/g (209 J/g).

180

TEST PERFORMED ON 0.031-IN. WIRE; ANNEALED
CRYSTAL-BAR ZIRCONIUM [HERICKES-1958A]
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Fig. 4. The Effects of Hydride Content on the
Ignition Energies for Zirconium Wire

6. Mechanical-Force Effects (ITI.A.l1 and 2)

Zirconium, Zr-2* and Zr-3* scrap of various forms (0.03- to
0.8-mm thick x 0.1- to 19-mm wide) were subjected to modest impact and
friction tests. The samples, in the dry condition in air, did not ignite
on impacts up to 73 J. Friction tests with the same material, using a
20-kg pendulum released 1.5 m above sample level, resulted in no ignition.
Each of the thirteen samples was struck the same number of times while
being observed for the production of sparks. Results were given as the
percentage of pendulum strikes that produced sparks. From 1 to 32X sparking
was reported for each sample in the dry condition; 0 to 102 sparking while
in the wet condition.

Y
2r-2 (Zircaloy 2) is a zirconium alloy containing 1.5% Sn, 0.12% Fe,
0.1%2 Cr, and 0.05% Ni.

Zr-3 (Zircaloy 3) is a zirconium alloy containing 0.3% Sn and 0.3% Fe.
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In another investigation, zirconium strip immersed in liquid
oxygen ignited at threshold impacts of 170 J. The same form of zirconium
in pure gaseous oxygen resisted ignition from impacts to the 170-J test limit.

7. Electrostatic-Energy Effects (II.B.2)

Tests with zirconium powders showed that cloud dispersions of 3-um
particles at threshold concentrations of 0.045 g/L of air (often resulting
in spontaneous combustion) required electrostatic discharges of 15 mJ for
ignition, while layers of the same-sized particles ignited with only a
0.0064-mJ discharge. Dust clouds of 18-um particles ignited at 12-mJ
discharges and with only 0.24-mJ discharges when in the dust layer mode.

Although no data were found on the effect of static electrical
discharge on larger zirconium forms, it should be noted that in tests to
determine surface-area effects (described previously), zirconium foils
were subjected to conduction of high-voltage discharges in order to establish
ignition temperatures as induced by resistance heating.

B. Interpretation of Results

Results of tests on zirconium and, less extensively, Zircaloys point
to the conclusion that a pyrophoric hazard may exist only when the material
is subdivided into small particles. 1In this regard, zirconium and Zircaloys
appear to present problems comparable to those associated with the handling
of many other commercial materials. Massive zirconium (Z.e., objects whose
smallest dimension is greater than 0.3 mm) exhibits capabilities for surface
reaction with the major constituents of air (nitrogen, oxygen, and carbon
dioxide) at elevated temperature. While the reported results do not prove
that Zircaloy, in the form of fuel cladding tube, is not a pyrophoric
hazard, they do not suggest, on the other hand, that Zircaloy, in that form,
18 pyrophoric under hull handling and storage conditions.

Conversely, tests and experience have shown zirconium fines to be a
definite pyrophoric hazard. No adequate data exist showing that zirconium
fines mixed with hulls are less pyrophoric than fines alone. Further, no
direct information has been developed that identifies any modification of
pyrophoricity by irradiation and acid leaching. No incidence of pyrophoric
behavior has been reported in any work dealing with irradiated cladding from
LWR oxidic fuel. Further, in the actual handling and burial-storage of
waste zirconium hulls from LWR fuels at a fuel reprocessing plant, no
problems have been reported involving potential ignition hazards.

The lack of pyrophoricity data on irradiated, leached Zircaloy hulls
necessitates extrapolation of information obtained with unirradiated materials.
This extrapolation appears to be of relatively low risk, allowing recommended
procedures to be applied to the Zircaloy waste stream with adequate confidence.

IV. RECENT INVESTIGATIONS RELATED TO THE PYROPHORICITY OF ZIRCALOY

More recently, the ignition behavior of Zircaloy was investigated in tests
performed on various forms of metal, such as fines from a dry tube-chopping
o?eration, saw fines in which a water-soluble oil was used as coolant, and
single tubing segments. Tests were both qualitative and quantitative.

Results
of these tests and other related work are summarized in this section.
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A. Summary of Ignition Test Work

1. Tests on Tubing Segments

Oxidation tests on single sections of unirradiated Zircaloy tubing
at 700, 800, and 900°C for l-hr periods show that average oxidation rates
essentially tripled with each 100°C increase in temperature; however, the
extent of oxidation was only 132 for the test at the highest temperature.

No signs of ignition were evident [Steindler].

A series of ignition tests with single, 8-mm-long sections of unirradiated
Zircaloy-4 tubing were made at TWCA*, using zirconium igniter powders. The
test data (see Table 7) show that tubing with an 0.8-mm wall did not ignite
even with an 8:1 weight ratio of igniter powder to tubing, although
surface oxidation was noted in each case. Temperatures of 1600°C were
reached in some tests. Self-heating of Zircaloy, indicative of sustained
reaction, has been observed in tests involving the reaction of Zircaloy

with steam at temperatures in the region of the melting point (~1850°C)
(Ivins].

These data are in agreement with the conclusions from the literature
survey that Zircaloy tubing does not represent a pyrophoricity hazard.

2. Behavior of Zinc-Coated Material

Coating of Zircaloy hulls with zinc was considered a process
option to mitigate the pyrophoric hazard. Simple ignition tests were
performed to observe the behavior of zinc-coated tubing. Coating was
achieved by dipping the sample in a zinc bath for 10-15 min at 575°C. After
cooling, a gas-oxygen torch flame (1400°C) was applied to the sample. The
result was oxidation of the coated tubing, similar to that experienced with
unoxidized material, but no ignition occurred. A less intensive heat source,
t.e., a match flame (estimated temperature 500°C), had no effect on the
coating [Steindler].

Ignition tests with zinc-coated Zircaloy saw fines and turnings,
using a gas-oxygen torch, resulted in spalling of the zinc, probably as the
oxide, and ignition of the Zircaloy. A match flame had no visible effect.
Thus, zinc coating of hulls does not appear to alter the ignition properties
of Zircaloy materials and does not appear to reduce the pyrophoricity of
fines, which 1s noted below.

3. Miscellaneous Ignitions Tests

Exploratory ignition tests on several Zircaloy forms having
relatively high surface-to-volume rattos gave the following results: (1)
dry, clean turnings could not be ignited with a match, but did ignite with
a gas-oxygen torch, as in the test with zinc-coated material, (2) a small
pellet made of saw fines could not be ignited with sparks or a match, but
did ignite and burn quickly when heated with a gas-oxygen torch; compaction

%
Teledyne Wah Chang Albany Co., Albany, Oregon



Table 7.

Ignition Tests Performed on Zircaloy Tubing Sections

Tubing section dimensions:

Ignition powders:

Tubing material:

Heat source:

Initial Conditions:

8-mm length x 15-mm dia x 0.8-mm wall for all tests except tests 5 and
6 which used a half-ring section; corresponding weights were 1.5 and
U.75 g, respectively.

-300 mesh (V50 ym) Zircaloy-2 powder prepared by a hydriding-dehydriding
step for tests 1-5; 18-20 um zirconium sponge powder (leached for
removal of residual MgCl,) for tests 6-9.

Clean Zr-4 for all tests except test 7 which used an autoclaved, hydrided
section containing 100 ppm hydrogen.

Gas torch; in addition, an oxygen torch was used in test 9.

Materials at ambient conditions on a ceramic base.

Powder-
to-Test Powder Powder Maximum
Piece Ignition Burn Temp
Test Powder Weight Temp, Time, Attained,
No. Mass, g Ratio °C s °C Remarks
1 0.375 0.25 430 30 822 )
2 1.5 1 430 80 585
3 3.0 2 430 50 941 Tubing did not ignite; all tubes had
4 6.0 4 430 70 894 > an oxidized surface after the test.
5 6.0 8 430 25 1150‘
6 6.0 8 400 60 798
7 6.0 4 400 50 1098 )
8 6.0 4 400 65 1600 Burning powder plus torch used in
9 6.0 4 400 70 1600 attempt to ignite tubing section.

Tubing only glowed, and only as long
as torch was applied.

91
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often reduces the tendency to ignite, but this is a function of particle
size, mass, etc., (3) uncompacted saw fines could not be ignited with
sparks from a torch lighter but did ignite with a match [Steindler].

Other tests involved water and l-in.-long tubing sections. The
tubes were quickly heated in air to 800°C and (1) sprayed with atomized
water or (2) immersed into a beaker of water. No signs of ignition were
noted, although the heating resulted in the development of an oxide coating.

4. Hardness Measurements on Zircaloy

No correlation between hardness and pyrophoric behavior of Zircaloy

has been found in the literature, but hardness is considered pertinent to

an overall characterization of zirconium materials. Hardness measurements
were made on several Zircaloy materials [Steindler]). Materials included
stock Zircaloy tubing, hydrided tubing with hydrogen contents of 100, 250,
and 300 ppm, tubing oxidized in air at 350°C for two hours, and autoclaved
tubing. The test results are shown in Table 8. A value for irradiated
Zircaloy-2 is included for comparison [Megerth].

Table 8. Superficial Hardness of
Zircaloy-2 Tubing

Rockwell C Hardness

Number
Untreated-
hydrogen, 25 ppm? 62
Hydrided-
hydrogen, 100 ppmd 60
Hydrided-
hydrogen, 250 ppm? 60.7
Hydrided-
hydrogen, 300 ppm? 60.4
Air-Oxidized® 57.5
Nonautoclaved? 63.2
AutoclavedP 63.8
Experimental-
preirradiation® 58.8
Experimental-
irradiated® 63.8

2Stock tubing, 1.3-cm OD x 2.5-cm long
x 0.8-mm wall thickness [Steindler].

bCommercial reactor tubing [Steindler].

cTubing used in irradiation experiments
[Megerth].
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Similar Rockwell hardness values were obtained for the three
hydrided materials, while the stock tubing (unexpectedly) appeared to be
somewhat harder. One possible explanation is that the hydrided tubing
underwent annealing at the hydriding temperature, 600°C. Autoclaving appears
to put a hard finish on the tubing as indicated by the values obtained.

The value for irradiated material was similar to that for the autoclaved
sample. The air-oxidized tube gave the lowest value, possibly because
annealing occurred while it was heated.

A related concern is embrittlement of Zircaloy, which occurs with
irradiation and increasing hydrogen content. Hardness is assumed to be
characteristic of embrittlement, but no relationship between embrittlement
and pyrophoricity has been reported. However, if such a relationship should

exist, annealing of the Zircaloy hulls may represent a means of desensitizing
the material.

B. Observations of the Handling of Scrap Zircaloy

The Teledyne Wah Chang Albany Co. is a major U.S. producer of raw and
wrought zirconium and nuclear grade Zircaloy tube blanks. Observations were
made of how the company handles a variety of scrap Zircaloy forms, including
unirradiated fuel clad tubing that had been returned for possible recycle.

Various mechanical processes were observed in operation and they are
described in detail below.

1. Dry-Chopping of Scrap Zircaloy

Various amounts of off-specification Zircaloy tubing are returned
from tubing manufacturers to TWCA for recycle. Rework includes cleaning,
chopping, compaction, welding of compacts into electrodes, and arc-melting.
Dry, clean tubing is fed to a chopper that produces segments several
centimeters in length; no coolant is employed. A relatively small amount
of fines is produced and collected in 200 liter drums, along with the tubing
sections, for transfer to the compaction area or to interim storage. The
fines fraction is estimated at <0.0l. A nominal size distribution for this
material was shown in Table 3. 1In the experience of the operator, these
fines do not represent a pyrophoric hazard, although individual particles
may burn. It was suggested that even complete combustion of the dispersed

fines in a drum would be insufficient to cause ignition of the contained
tubing segments.

2. Hammer Milling of Scrap Zircaloy

Hammer milling of scrap Zircaloy, such as turnings from lathe
operations, is done at TWCA to facilitate subsequent operations such as
compaction and to increase the loading of drums for interim storage. The
routine milling operation is characterized by rather intense sparking, but
the Frays that receive the milled scrap are sprayed continuously and rather
heavily with water. Ignition is rare although not completely eliminated

by use of.water. Consequences of ignition are minimized by avoiding the
accumulation of fine material.
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3.  Sawing of Zircaloy Ingots

Wet-sawing of massive Zircaloy ingots is done on conventional
equipment, using a water-soluble coolant. The saw fines tend largely to be
spiral rather than sphere-like particles and as with other fine materials,
good housekeeping is a prime requisite to safety. The fine cuttings are
generally stored under water in 200-liter drums until recycled. These are
often too highly contaminated with oxygen and nitrogen for direct recycle
to the nuclear-grade metal line but can be used in steel making and in the
production of '"lower-grade" zirconium items.

4. Washing of Scrap

Various scrap material having relatively small dimensions, such
as lathe turnings, is washed routinely with detergent in a large revolving
machine of the cement-mixer type. Scrap is moved into and out of the bowl
of the washer by an auger. Because of the large batch size, about two tons,
attention to safety is particularly important. Safety provisions include
water flooding of the scrap and minimizing spark sources by, for example, the
use of wooden push rods. To avoid large accumulations of fine material, the
large washed batches are divided into much smaller batches before drying with
warm air. The drying operation transfers the scrap through the apparently
critical moisture region (15X water), but relatively little difficulty from
ignition has arisen from clean scrap. Fires, once started, are allowed to
burn out and no attempt is made to extinguish them.

5. Compaction Tests

Mechanical compaction of Zircaloy hulls has been suggested as a
process option in hulls management because of the volume reduction factor
and improved heat transfer characteristics of the compacts. Mechanical
compaction of chopped, off-specification tubing is a commercial scrap
handling operation at TWCA [Tetz]. Operation of a large, hydraulic press
produced 36-kg compacts (see Fig. 5), about 28 cm in diameter by 13 cm
high when compacted to about 72X of theoretical density. A pressure of
3.6 x 108 Pa (52,000 psi) was used.

This press also handled relatively heavy sections (e.g., tube blank
sections with a 3-mm wall thickness) in the course of compacting ordinary
(v0.9-mm wall) tubing and fines that come from a tube chopping operation.

The fines represented a rather small fraction of the charge and appeared

to pose no pyrophoricity hazard in the operation. Material that accumulated
around the die cavity was blown away (dispersed) with an air jet. Machine
turnings and saw fines have also been handled routinely in the press.

C. Application of Recent Results

Results of some recent studies [Steindler] can be summarized and related
to LWR hulls as follows:

1. Zircaloy materials of relatively high surface area, such as saw fines
and turnings, exhibit pyrophoric behavior. This agrees with literature
results and experience of others; these data are believed applicable to
fines in hull waste.
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Fig. 5. Zircaloy Tubing Compacts Prepared by Mechanical Compaction
(courtesy Teledyne Wah Chang Albany Co., Albany, Oregon)

Compacted fines can be ignited with relatively moderate heat sources,

e.g., a gas-oxygen torch and, a